Introduction: Exposure to nanomaterials (NPs) may lead to enhanced generation of free radicals and failure of endogenous antioxidant defense system ultimately resulting in oxidative stress. The present study aimed to evaluate the comparative efficacy of alpha lipoic acid (ALA) and quercetin, the two antioxidants against aluminium oxide nanoparticle induced oxidative stress. Methods and Materials: Male swiss albino mice were exposed to aluminum oxide NPs for seven days and were co-administered orally with quercetin and alpha lipoic acid (50 mg/kg each) to evaluate effects on heme synthesis pathway, hepatic oxidative injury and antioxidant potential. Results: The results suggest a significantly elevated ROS, decreased blood and hepatic GSH levels, Superoxide dismutase and Catalase activities after Al 2 O 3 nanoparticles exposure. Co-administration of antioxidants increased GSH levels and was also beneficial in the recovery of oxidative injury and restoring inhibited ALAD activity. Conclusion: Our results suggest better efficacy of alpha lipoic acid than Quercetin in preventing appearance of toxic symptoms of following exposure to Al 2 O 3 nanoparticles in mice.
INTRODUCTION
Nanotechnology is an actively growing field with rapid advances in numerous applications such as in pharmaceutical industries, personal care products, targeted drug delivery etc.
1 Aluminum oxide (Al 2 O 3 ) nanomaterials has promising technological applications in the field of site-specific drug delivery, explosives lithium batteries, resistant coatings on propeller shafts, car finishing and flooring, and orthopedic implants etc 2 . However indiscriminate use of nano aluminium may lead to release of the oxidized form of nano Al 2 O 3 into the environment and may produce adverse effects, such as genetic damage, carcinogenicity, cytotoxicity etc. Their small size facilitate cellular uptake and transcytosis across epithelial and endothelial cells reaching into systemic circulation and affecting potentially sensitive target sites such as brain, bone marrow, lymph nodes, spleen, and heart.
3 Nanoparticles can also gain access to the CNS, thus resulting in severe neurotoxic manifestations also. 4 The commonly proposed pathogenic mechanisms initiated by NPs are generation of oxidative stress thereby triggering injurious responses at the cellular, subcellular, and protein levels. 5 Overall, these facts necessitate the study of environmental impact and toxicity of nanoparticles and also highlight the importance for the development of effective preventive and therapeutic strategies.
Flavonoids are a group of natural products, including various classes such as flavones, flavanones, and isoflavones. Many beneficial and therapeutic biological activities of flavonoids have been identified such as antioxidant, antitumor, and anti-inflammation properties. 6 Presence of hydroxyl (-OH) groups and B-ring catechol group (dihydroxylatedB-ring),, serves as a critical factor in the scavenging of reactive oxygen species (ROS) exhibiting potential antioxidant activity. 7 However the antioxidant activity of these flavonoids largely depends upon the Submission Date: 14-11-2013 presence of functional groups capable of binding transition metal ions, such as iron and copper. 8, 9 Quercetin was found to be the most active of all the flavonoids and has demonstrated significant ability to scavenge free radicals and reduce the oxidative stress conditions. 10, 11 Lipoic acid is another potent antioxidant that can scavenge free radicals an thus implicated in the treatment of a variety of diseases. 6 It exerts their protective function in both oxidized as well as in reduced form. Reduced form of alpha-lipoic acid (dihydroxy lipoic acid (DHLA)) acts as a strong chain breaking antioxidant and may enhance the antioxidant potency of other antioxidants.
12 Thus some common and desired properties of alpha-lipoic acid and quercetin such as free radical scavenging activity and structural presence of thiol moiety justify its use in the present study against nanoparticle toxicity. We have demonstrated the antioxidant potential of quercetin and lipoic acid against metal/ metalloid-induced oxidative stress in mice. [13] [14] [15] The present study was aimed at investigating the comparative protective efficacy of alpha-lipoic acid and quercetin against nanoparticle induced oxidative injury. Liver was selected as the major organ for investigation as it is the major target for free radical attack leading to lipid peroxidation.
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MATERIALS AND METHODS
Chemicals and reagents
Alumina (Al 2 O 3 ) nanoparticles were procured from Alfa Aesar (USA). All other laboratory chemicals and reagents were purchased from Merck (Germany), Sigma (USA) or BDH chemicals (Mumbai, India). Triple distilled water prepared by Millipore (New Delhi, India) was used throughout the experiment. According to the information provided by manufacturer the particles size of Al 2 O 3 nanoparticles was 45 nm. Prior to dosing the suspension was sonicated for 30 minutes.
Animals and treatment
Swiss albino male mice weighing approximately 25-30 g were obtained from the animal house facility of the Defence Research and Development Establishment (DRDE), Gwalior. All animals received humane care in compliance with the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA). The Animal Ethical Committee of DRDE, Gwalior, India approved the protocols for the experiments. Prior to dosing, they were acclimatized for 7 days to light from 06:00 to 18:00 h, alternating with 12 h darkness. The animals were housed in stainless steel cages in an air-conditioned room with temperature maintained at 25 ± 2°C. Mice were allowed standard chow diet (Amrut feeds, Pranav Agro, New Delhi, India) throughout the experiment and water ad libitum.
Twenty four mice were randomized into six groups of 4 animals each and were treated as follows for 7 days: Antioxidants were administered after an interval of 4 hrs from the oral dosage of nanoparticles. Doses were selected on the basis of earlier publications. [16] [17] [18] Oral route of exposure was selected for mice as these nanoparticles are generally being used in various products like food packaging, cosmetics and coating etc and there is possibility of gaining a direct entry into the body. After 7 days the exposure was stopped and animals were sacrificed under light ether anesthesia, 48 h, after last dosing. Blood was collected in heparinized vials. Liver was collected and stored at ¯8 0°C till further analysis. For biochemical estimation, the tissues were washed with cold normal saline, blotted and all the extraneous materials were removed.
Separation of red blood cells
Blood was collected from orbital plexus of mice in heparinized tubes following the method of Steck and Kant.
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The packed cell volume (PCV) obtained was divided into two part, one part of which was diluted with chilled distilled water kept for the analysis of reactive oxygen species (ROS), catalase, thiobarbituric acid reactive substances (TBARS) and reduced glutathione (GSH). Other part of the packed cell volume was used for the estimation of other antioxidant enzyme i.e. superoxide dismutase (SOD).
Biochemical assays
Amount of ROS in blood was measured using 2', 7'-dichlrofluorescein diacetate (DCF-DA) that gets converted into highly fluorescent DCF by cellular peroxides (including hydrogen peroxide). The assay was performed as described by Socci et al. 20 Fluorescence was determined at 488 nm excitation and 525 nm emission using a fluorescence plate reader (Tecan Spectra Fluor Plus).
The activity of blood δ-aminolevulinic acid dehydratase (ALAD) was assayed according to method of Berlin and Schaller 21 while, analysis of blood GSH concentration was performed by the method described by Jollow et al.
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Superoxide dismutase (SOD) activity in liver and blood was assayed spectrophotometrically as described by Kakkar et al. 23 Color intensity of the chromogen was measured at 560 nm and the activity was expressed as units/ min/mg of protein. Catalase activity in tissue and blood was assayed following the procedure of Sinha.
24 Measurement of lipid peroxidation was done by the method described by Ohkawa et al. 25 The amount of TBARS was calculated using a molar extinction coefficient of 1.56 × 10 5 /M/cm. In case of blood, the absorbance of supernatant was read at 532 nm and the values were expressed as moles of MDA/ml.
Activities of AST and ALT were determined by colorimetric assay using a commercial kit based on IFCC (Ecoline ALAT; Catalog No. A2320309, Merck, Germany; Ecoline ASAT; Catalog No. A2340109, Merck, Germany) following manufacturer's protocol.
Statistical analysis
The results are expressed as the mean ± SEM of number of observations. Comparisons of means were carried out using one way analysis of variance (ANOVA) followed by Tukey's post hoc test to compare means between the different treatment groups. Differences were considered significant at P < 0.05 unless otherwise stated in the text.
RESULTS
Effect of nanoparticle and antioxidants on body weight
Significant reduction in body weight was observed in mice exposed to Al 2 O 3 nanoparticles for 7 days (table 1) . No changes were observed in groups receiving both NP and antioxidants simultaneously.
Effect of nanoparticle and antioxidants on heme synthesis pathway
Significantly altered activity of ALAD was observed in the nanoparticle exposed group compared to normal ( Figure 1) . A marked recovery was observed in the group co-exposed to nanoparticle and alpha lipoic acid. Quercetin administration was less effective than alpha lipoic acid in reducing ALAD inhibition. 
Effect on blood oxidative stress variables
Significant elevation in ROS noted following oral Al 2 O 3 exposure compared to normals. Treatment with quercetin or alpha lipoic acid slightly increased ROS. A significant recovery was observed following co-adminstration of alpha lipoic acid while Quercetin was not effective (Table  2) . A significant elevation in TBARS was observed, which was effectively reduced by alpha lipoic acid (Table 2) . Quercetin on the other was ineffective.
Effect on blood antioxidant status
A significant decrease in blood GSH, no change in SOD while an increased catalase activity was observed on NP exposure ( Table 2 ). Alpha lipoic acid restored these alterations whereas quercetin was ineffective.
Effect on tissue oxidative stress
Liver ROS and TBARS increased on Al 2 O 3 exposure compared to normal (Table 3) . Alpha lipoic acid was most effective than quercetin in reducing ROS while no effects of antioxidants on TBARS was noted.
Effect on antioxidant potential in liver
GSH: GSSG ratio, catalase and SOD activities were significantly lowered in case of Al 2 O 3 NP exposure (Table 3) . Alpha lipoic acid was most effective than quercetin in restoring catalase, SOD activities and GSH: GSSG ratio towards norma, (Table 3) .
Effect on plasma transaminases indicative of hepatic damage
GOT and GPT activities increased on Al 2 O 3 NP exposure ( Figure 2 ) which responded favorably to alpha lipoic acid and quercetin. Alpha lipoic acid was again found to attenuate NP induced alteration in the activities of these enzymes more effectively, compared to quercetin.
DISCUSSION
Natural antioxidants are better alternatives than synthetic antioxidants in counteracting various free radicals associated diseases and other pathological conditions. 6 Quercetin and lipoic acid possess the ability to overcome enhanced oxidative stress conditions and hence protects the cell and tissues from oxidative damage.
14 Nanoparticles exert their toxic effects through the generation of various deleterious free radicals including, ROS like hydrogen peroxide, hydroxyl radical species, nitric oxide or superoxide anion.
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Hence, generation of free radicals results in imbalance between pro-oxidant and antioxidants leading to oxidative injury which can be effectively prevented by the simultaneous supplementation of antioxidants. [13] [14] We selected two natural antioxidants, alpha lipoic acid and quercetin for their protective efficacy against Al 2 O 3 nanoparticles induced hepatotoxicity in this study.
Oral Al 2 O 3 nanoparticles exposure led to the biochemical alterations in blood and liver of mice. Though nanoparticles possess different routes for their entry into the body. Erythrocytes or Red Blood Cells being most dominant cells in the body are more vulnerable to the toxic effect by these nanoparticles. 27 Due to their small size and enhanced absorption properties, nanoparticles can easily interact with their membrane causing its agglutination by changing cell membrane structure and properties. 27 Heme biosynthesis is a critical pathway for all mammals and is known to be highly susceptible to alteration induced by metals.
14 ALAD is a zinc dependent metalloenzyme, reported to play a key role in heme biosynthesis.
28 Till now, effect of nanoparticle toxicity on δ-ALAD enzyme has not been reported. We observed significant ALAD inhibition in the group exposed to NP alone. Alpha lipoic acid was most effective than quercetin in restoring blood ALAD activity. Inhibition of ALAD results in the accumulation of its substrate δ-ALA which further gets rapidly oxidized to generate free-radicals/ ROS which in term could explain the toxicity produced by nanoparticles. 28, 29 Lipoic acid possess better ability to chelate metal ions thus, reducing the concentration of metal ions in the blood stream and resulting in decreased competition between Zn, a cofactor of ALAD enzyme and aluminum.
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Cellular oxidative stress was evident by elevated ROS level, reduced glutathione level, increased lipid peroxidation and impaired antioxidant defense status. Our study reported elevated ROS levels in Al 2 O 3 nanoparticle-treated group, suggesting free radical generation leading to oxidative stress conditions. Increased lipid peroxidation like elevated TBARS and reduced GSH, further signifies oxidative stress condition. Concomitant administration of antioxidants particularly alpha-lipoic acid led to pronounced recovery, suggesting it be a more effective scavenger of free radicals than quercetin. ROS generation leads to impaired cellular antioxidant defense system. GSH levels decreased after NP treatment, possibly the to its increased utilization in neutralizing free radicals. Glutathione is the major form of cellular glutathione and earlier reports support our results for the protective efficacy of alpha-lipoic acid and quercetin against environmental toxicants induced GSH depletion. 13, 31 There have been few conflicting reports in the past about prooxidant potential of quercetin or its GSH inhibitory activity. 32 This is in agreement with our results obtained in blood, although results in liver showed antioxidant potential. One of the possible explanation for this could be that only a small portion of quercetin enters the blood stream and exhibit prooxidant activity while the major concentration is known to get metabolized by liver.
6 Elevated ROS levels are implicated in the damage of biological molecules such as lipids, which are altered by peroxidation. Elevation in TBARS is an indicator of lipid peroxidation under oxidative stress condition.
14 We observed a significant elevation in blood and hepatic TBARS level following NP exposure. Interestingly the level of blood and hepatic TBARS, plasma GOT and GPT were restored to normal in the animals co-exposed to NP and alpha lipoic acid particularly.
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We also determined the antioxidant profile. SOD prevents the harmful effects of superoxide ion by converting them into less toxic hydrogen peroxides which subsequently splits into non toxic water and oxygen molecule by catalase activity. 6 Catalase is another major antioxidant enzyme whose activity decreases during oxidative stress, leading to H 2 O 2 accumulation and finally peroxidation of lipids. 6 We observed decreased hepatic SOD activity in our study. SOD is one of the components of intrinsic antioxidant defense system, and is responsible for dissemination of Superoxide radicals. During oxidative stress the body uses its defense mechanism to minimize the process of lipid peroxidation by using the antioxidant enzymes such as SOD, thus, the activity of this enzyme become higher in early stages of insult, but if the insult continue, the enzyme become depleted which means that in advance stages of peroxidation the activity of SOD declined. We observed a significant decrease in hepatic SOD and Catalase activity on NP exposure which responded favorably to the co-administration of antioxidants. Apart from these two enzymes, we also observed a significant decrease in liver GSH:GSSG, considered to be a crucial biomarker of oxidative stress. 17 Significant decrease in GSH: GSSG ratio in NP exposed animals suggest possible involvement of nanoparticles in decreasing GSH concentration. However, the depletion of GSH: GSSG ratio was significantly protected by alpha -lipoic acid and quercetin suggesting their antioxidant properties.
Among the two antioxidants, co-administration of alphalipoic acid with Al 2 O 3 nanoparticles was found to be most effective in reducing nanoparticle induced inhibition of blood ALAD activity. The elevation in levels of ROS in both blood and liver responded favorably to alpha lipoic acid compared to quercetin. Also inhibited levels of antioxidant enzymes and GSH were significantly protected by co-administration of alpha lipoic acid. In our study we used alpha-lipoic acid which is the racemic mixture of R-lipoic acid and S-lipoic acid and it gets readily converted into its reduced form DHLA.
34 Both ALA and DHLA are powerful antioxidants and hence better results were observed compared to quercetin. Their antioxidant functions involves: (i) quenching of reactive oxygen species; (ii) regeneration of endogenous and exogenous antioxidants involving vitamins C and E and glutathione; (iii) chelation of redox metals including Cu (II) and Fe (II); (iv) repair of oxidized proteins. 32 The effective implementation of all these functions is clearly evident from our results. The DHLA/ALA couple has a redox potential of −320 mV, and hence DHLA has one of the highest antioxidant potentials known in biological systems.
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It thus can be assumed that the antioxidant efficacy of quercetin may be due to (i) its higher diffusion rate into the membranes allowing to scavenge free radicals at various sites; (ii) its pentahydroxyflavone structure, allowing to chelate metal ions 6, 32 ; (Figure 3 ) (iii) regeneration of endogenous and exogenous antioxidants involving vitamin C and E and glutathione and (iv) presence of sulfhydryl group in the structure justified its use in this study against nanometallic toxicity. We however found better efficacy of lipoic acid over quercetin which could be due to i) Its chelating property i.e., absorption into the intracellular environment and complexing metals previously bound to other sulfhydryl proteins, ii) LA in unbound form is chemically able to trap circulating metals, thus preventing cellular damage caused by metal toxicity and iii) LA being lipophilic is able to penetrate cell membranes and reach high intracellular concentrations immediately on administration. Moreover the relatively good scavenging activity of lipoic acid is due to the strained conformation of the 5-membered ring in the intramolecular disulfide 32 ( Figure 3) . Combining results of the study, we may not exclude the possibility of a decreased oxidative stress when these natural antioxidants were employed for the protection of toxic manifestations. However, further experimentation are needs required to investigate a possible mechanism by which these natural antioxidants effectively NP induced toxicity.
CONCLUSION
In conclusion, our study confirms that nanoparticles upon reaching systemic circulation and target organs may produce cellular injury if the magnitude of ROS production overwhelms the antioxidant defense status of the cell. However the role of antioxidants like alpha lipoic acid may be beneficial in reducing the altered biochemical variables, suggestive of oxidative stress. Also, the study revealed alpha lipoic acid as the more effective antioxidant, followed by quercetin, as evident from the observed results. These results also point to moderate chelating property of alpha lipoic acid and quercetin against Al 2 O 3 nanoparticles. These flavonoids may also be co-supplemented during chelation treatment, thereby achieveing a enhanced hepatoprotective effect against nanoparticle-induced cytotoxicity.
